1 48004/GTL/A510-H0001505 

IMPROVED VANE DESIGN FOR USE IN VARIABLE 
GEOMETRY TURBOCHARGER 

5 

RELATION TO COPENDmC PATENT APPLICATIONS 

This patent application is a continuation-in-part of U.S. Patent Application Serial No. 
09/761,277 filed on January 16, 2001, and is a continuation-in-part of U.S. Provisional Patent 
Application Docket Number A5 10:47882, filed on March 1, 2002, Entitied hnproved Vane 
1 0 Variable Nozzle Turbocharger. 

Its*: 

b FIELD OF INVENTION 

% This invention relates generally to the field of variable geometry turbochargers and, more 

p particularly, to an improved vane design for vanes for a plurality of pinioning aerodynamic vanes 

|;? 15 that are disposed within a variable geometry txirbocharger for purposes of maximizing flow 
p efficiency within the turbocharger. 

:?--■: 

y BACKGROUND OF THE INVENTION 

C Turbochargers for gasoline and diesel intemal combustion engines are devices known in 

2; 20 the art that are used for pressurizing or boosting the intake air stream, routed to a combustion 
fU chamber of the engine, by using the heat and volumetric flow of exhaust gas exiting the engine. 
Specifically, the exhaust gas exiting the engine is routed into a turbine housing of a turbocharger 
in a maimer that causes an exhaust gas-driven turbine to spin within the housing. The exhaust 
gas-driven turbine is mounted onto one end of a shaft that is common to a radial air compressor 
25 mounted onto an opposite end of the shaft and housed in a compressor housing. Thus, rotary 
action of the turbine also causes the air compressor to spin within a compressor housing of the 
turbocharger that is separate fi-om the turbine housing. The spinning action of the air compressor 
causes intake air to enter the compressor housing and be pressurized or boosted a desired amount 
before it is mixed with fiiel and combusted within the engine combustion chamber. 
30 In a turbocharger it is often desirable to control the flow of exhaust gas to the turbine to 

improve the efficiency or operational range of the turbocharger. Variable geometry turbochargers 
(VGTs) have been configured to address this need. A type of such VGT is one having a variable 
exhaust nozzle, referred to as a variable nozzle turbocharger. Different configurations of variable 
nozzles have been employed in variable nozzle turbochargers to control the exhaust gas flow. 
35 One approach taken to achieve exhaust gas flow control in such VGTs involves the use of 
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multiple pivoting vanes that ^e positioned annularly around the turbine inlet. The pivoting vanes 
are commonly controlled to alter the throat area of the passages between the vanes, thereby 
5 functioning to control the exhaust gas flow into the turbine. 

In order to ensure the proper and reUable operation of such VGTs, it is important that the 
individual vanes be configured and assembled within the turbine housing to move or pivot fi-eely 
in response to a desired exhaust gas flow control actuation. Because these pivoting vanes are 
subjected to miUions of high temperature cycles during turbocharger operation it is necessary that 
1 0 any such pivoting mechanism be one that is capable of repeatably functioning under such cycled 
temperature conditions without enduring any cycled temperature related material or mechanical 
p problem or failure. 

Kjiown multiple vane VGTs include vanes that are each configured having a shaft 
p projecting outwardly therefrom, each such shafted being positioned within a respective shaft 
|3 1 5 opening in a turbine housing or nozzle wall. While the vanes are conmionly actuated to pivot 
^ vis-a-vis their shafts within the respective openings, it has been discovered that such vane 

? attachment and pivoting mechanism is not without its problems. 

f!] For example, in order to ensure freely pivoting movement of the vane shaft with the 

f 3 opening it is essential that the shaft project perfectly perpendicularly from the vane, to thereby 
% 20 avoid undesired binding or otherwise impairment of the vane pivoting movement. Secondary 
?y straightening or machining operations are sometimes necessary to ensure the perpendicularity of 

the vane shafts, which secondary operations can be both time consuming and costly. 
Additionally, this type of vane attachment and pivoting mechanism can produce a high 
cantilevered load on the vane shaft when actuated that can also impair free vane pivoting 
25 movement, and that can ultimately result in a vane material or mechanical failure. 

An example of such a VGT is one comprising a moveable unison ring disposed within 
a turbocharger housing of the turbocharger, and a plurality of vanes rotatable disposed withm the 
housing and coupled to the unison ring. The plurality of vanes are interposed within the turbine 
housing between an exhaust gas inlet and a turbine wheel. The unison ring is operated to rotate 
30 the vanes in unison from a closed position (restricting passage of exhaust gas to the turbine 
wheel) to an open position (enabhng passage of exhaust gas to the turbine wheel) for purposes 
of controlling the turbocharger to perform in a manner that helps to optimizes air flow to the 
engine. An example of such a VGT is disclosed in U.S. Patent No. 6,269,642, which is 
incorporated herein by reference. 

35 
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Vanes used in such known VGTs are characterized as having a "sUm" aerodynamic vane 
shape, i.e., having a thin airfoil or radial thickness (that is defined at its thickest region between 
5 a vane outer surface and a vane inner surface). Generally speaking a conventional vane has an 
airfoil thickness that is less than about 0.14, and that can be in the range of from about 0.05 to 
0. 14 the length of the vane (as measured between vane leading and trailing edges). While such 
conventional slim or thin airfoil vanes are useful for providing peak aerodynamic efficiency in 
a VGT, this particular vane design limits the flow tumdown ratio and turbine efficiency 
10 throughout the range of motion for the vanes within the turbocharger. 

It is, therefore, desirable that a vane pivoting mechanism be constructed, for use with a 
variable nozzle turbocharger, in a manner that provides improved vane operational reliability 
% when compared to conventional vane pivoting mechanisms. It is also desired that an improved 
P vane configuration be constructed that provides a throat area that is similar or better than that of 
y 15 the conventional slim airfoil vane configuration, while at the same time provide a throat area 
,p tumdown ratio that is improved, and an improved turbine efficiency throughout the r^ge of vane 
movement, when compared to the conventional slim airfoil vane configuration. 



SUMMARY OF THE INVENTION 
S 20 Improved vanes of this invention are constructed for use within a VGT. The VGT 

ilJ comprises a turbine housing having an exhaust gas inlet and an outlet, a volute connected to the 

inlet, and a nozzle wall adj acent the volute. A turbine wheel is carried within the turbine housing 
and is attached to a shaft. A plurality of such improved vanes are disposed within the turbine 
housing between the exhaust gas inlet and turbine wheel. 
25 Each improved vane comprises an inner airfoil surface oriented adjacent the turbine 

wheel. And an outer airfoil surface oriented opposite the inner airfoil surface. The inner and 
outer airfoil surfaces define a vane airfoil thickness. A vane leading edge or nose is positioned 
along a first inner and outer airfoil surface junction, and a vane trailing edge positioned along a 
second iimer and outer surface junction. Each vane includes a hole disposed within a first axial 
30 vane surface subst£uitially parallel to outer nozzle wall forreceiving a respective post therein that 
projects outwardly fi*om the nozzle wall. Each vane also includes an actuation tab that extends 
from a second axial vane surface opposite from the first vane surface. 

A key feature of improved vanes of this invention is that they have an airfoil thickness 
that is greater than conventional "slim" vanes. In an example embodiment, improved vanes of 
35 this invention have an airfoil thickness that is greater than about 0. 16 times a length of the vane 
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as measured between the vane leading and trailing edges. Additionally, an embodiment of the 
improved vane of this invention can have a complex shaped inner surface comprising a convex 
5 portion adjacent the vane leading edge, and a concave portion adjacent the vane trailing edge, 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will be more clearly understood with reference to the following drawings 
10 wherein: 

; FIG. 1 is an exploded isometric view of a turbine housing for a variable geometry 

C:3 turbocharger employing conventional vanes; 

% FIG. 2 is a top view of a unison ring with slots showing engagement with tabs of 

p stemless slim vanes in different vane operating positions; 

%\5 FIG. 3 is a detailed view of the stemless slim vane of FIG. 2; 

FIG. 4 is a detailed view of an improved vane constructed according to principles of this 
invention; 

FIGs. 5 A to 5 C are elevational side views of different improved vane designs of this 
C3 invention; 

% 20 FIG. 6 is a exploded schematic view of the improved vane of this invention as fitted into 

fy a turbocharger housing; 

FIG. 7 is a top view of first embodiment improved vanes of this invention in different 
vane operating positions; 

FIG. 8 is a top view of second embodiment improved vanes of this invention in different 
25 vane operating positions; 

FIG. 9 is a top view of third embodiment improved vanes of this invention in different 
vane operating positions; 

FIG. 10 is a graph illustrating comparative throat area v. vane rotation data for the 
conventional slim vane v. the improved vane design of this invention; and 
30 FIG. 11 is a graph illustrating efficiency v. flow data for the conventional slim vane v. the 

improved vane design of this invention. 



35 
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DETAILED DESCRffTION OF THE INVENTION 

The invention, constructed in accordance with the principles of this invention, comprises 
5 a improved vane for use in a VGT that is configured having a stemless design, and having a 
modified airfoil profile and thickness for purposes of minimizing unwanted aerodynamic effects 
and improving operating efficiency, e.g., providing improved throat area turn down, when 
compared to conventional "slim" airfoil thickness vanes. 

A VGT generally comprises a center housing having a turbine housing attached at one 
1 0 end, and a compressor housing attached at an opposite end. A shaft is rotatably disposed within 
a bearing assembly contained within the center housing. A turbine or turbine wheel is attached 
J™ to one shaft end and is disposed within the turbine housing, and a compressor impeller is attached 
y1 to an opposite shaft end and is disposed within the compressor housing. The turbine and 
^ compressor housings are attached to the center housing by bolts that extend between the adj acent 
m 15 housings. 

FIG. 1 illustrates a portion of a known VGT 10 comprising a turbine housing 12 having 
f I a standard inlet 1 4 for receiving an exhaust gas stream, and an outlet 1 6 for directing exhaust gas 
W to the exhaust system of the engine. A volute is connected to the exhaust inlet and an integral 
'% outer nozzle wall is incorporated in the turbine housing casting adjacent the volute. A turbine 
O 20 wheel 17 and shaft assembly 18 is carried within the turbine housing 12. Exhaust gas, or other 
^''^ high energy gas supplying the turbocharger, enters the turbine housing through the inlet 14 and 
is distributed through the volute in the turbine housing for substantially radial delivery to the 
turbine wheel through a circumferential nozzle entry 20. 

Multiple vanes 22 are mounted to a nozzle wall 24 machined into the turbine housing 
25 using shafts 26 that project perpendicularly outwardly from the vanes. The vanes conventionally 
used in such a VGT are slim airfoil thickness design mentioned above. The shafts 26 are 
rotationally engaged within respective openings 28 in the nozzle wall. The vanes each include 
actuation tabs 30 that project from a side opposite the shafts and that are engaged by respective 
slots 32 in a unison ring 34, which acts as a second nozzle wall. 
30 An actuator assembly (not shown) is connected with the unison ring 34 and is configured 

to rotate the ring in one directed or the other as necessary to move the vanes radially outwardly 
or inwardly to respectively increase or decrease the amount of exhaust gas flow to the turbine. 
As the unison ring is rotated, the vane tabs 30 are caused to move within their respective slot 32 
from one slot end to an opposite slot end. Since the slots are oriented radially along the unison 
35 ring, the movement of the vane tabs 30 within the respective slots 32 causes the vanes to pivot 
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via rotation of the vane shafts within their respective openings and move radially outwardly or 
inwardly depending on the unison ring rotational direction. Examples of known VGTs 
5 comprising such elements are disclosed in U.S. Patent Nos. 4,679,984; 4,804,3 16; and 6,269,642 
which are each incorporated herein by reference. 

FIG. 2 illustrates the general movement pattern of conventional slim vanes 36, as used 
in the VGT described and illustrated above, when actuated by the unison ring. This movement 
pattem however, is generally the same for both the known slim vane configurations and the 
10 improved vane design prepared according to principles of this invention as used with VGTs. 
Each vane tab 42 is disposed within a respective elongated slot 38 of a unison ring 40. In a 
Q closed position "A", the vane tab 42 is positioned adjacent a first end 44 of the slot 38. This 
position is referred to as a closed position because the vane is not flared radially outward, thereby 
p serving to limit the flow of exhaust gas to the turbine. At an intermediate position "B" the unison 
15 nng 40 has been rotated a sufficient amount such that the vane tab 42 is moved within the slot 
J: 38 away from the first slot end 44 towards a middle position of the slot. The vane tab movement 
* is provided by the pivoting action of the vane relative to the nozzle wall, allowing the vane to be 

rotated radially outwardly a given extent. At position "B" the intermediate radial projection of 
13 the vane serves to increase the flow of exhaust gas to the turbine when compared to closed 
% 20 position "A". At position "C" the unison ring has now been rotated to a maximum position, 
fij causing the vane tab 42 to be moved within the slot 38 to a second end 46, Again, such fiirther 
vane movement is faciUtated by the pivoting arrangement between the vane and the nozzle wall, 
allowing the vane to be rotated radially outwardly to a maximum position. At position "C" the 
maximum radial projection of the vane serves to increase the flow of exhaust gas to the turbine 
25 when compared to the intermediate position "A". 

As mentioned above in the background, proper operation of known VGTs, comprising 
the plurality of movable vanes as described above and illustrated in FIG. 1, requires that the 
vanes be permitted to pivot fi:eely vis-a-vis the nozzle wall when actuated by the unison ring. 
Such fi-ee pivoting movement requires that the vane shafts not bind or otherwise be restricted in 
30 their rotational movement within their respective nozzle holes. The known vane design can 
produce impairments to free pivoting vane movement if the shaft projecting fi:om each vane is 
not perfectly perpendicular. Additionally, the known vane design can produce an impairment to 
fi-ee pivoting vane movement by the relatively high cantilever load stress imposed on the vane 
by virtue of the vane shaft and hole attachment mechanism. 

35 
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FIG. 3 illustrates a "shaftless" or "stemless" vane 50 of this invention for use with a VGT 
comprising an inner radial surface 52, an opposite outer radial surface 54, and axial surfaces 56 
5 and 58. These vane surfaces are defined relative to the vane placement within the turbine 
housing. The vme 50 includes a leading edge or nose 60 and a trailing edge 62 at opposite 
common ends of the inner and outer radial surface 52 and 54. As used herein, the term leading 
edge is used to refer to a rounded nose portion of the vane, and is not intended to a sharp or 
abrubtly angled surface feature. The vane includes a tab 64 projecting outwardly away from the 
1 0 axial surface 5 8 and positioned adjacent the leading edge 60, which tab is configured to cooperate 
with a unison ring slot in the manner described above to facilitate vane actuation. 
O Unlike the known vane design described above and illustrated in FIGs. 1 and 2, vane 50 

% does not include a shaft. Rather, the vanes of this invention are designed having a hole 64 
Q disposed within the axial surface 56 that is sized and configured to accommodate placement of 

15 a respective post 68 therein (see FIG, 3), wherein the post projects perpendicularly outwardly 
^ away from the turbine housing nozzle wall. Configured in this manner, vane pivoting movement 

l_ vis-a-vis the nozzle wall is provided by the relative rotational motion between the fixed post and 

u\ the hole in the vane. The pivoting mechanism provided by the fixed wall post disposed in the 

Q rotatable vane hole reduces the amount of cantilever load stress on the vane, when compared to 

JZ, 20 known vane designs and attachment mechanisms, thereby serving to reduce and/or ehminate 
RJ potential impairments to efficient vane movement and operation. 

Each post 68 can be configured to be attached to the nozzle wall by pressed fit or other 
conventional attachment method, and is positioned within the nozzle wall in a substantially 
circular pattern the coincides with the desired spaced apart vane arrangement. In an example 
25 embodiment, the post 68 is configured having a stepped design with two different diameters, 
wherein a first enlarged diameter section 70 is sized and configured to provide a secure pressed 
fit attachment within the nozzle wall, and wherein a second reduced diameter section 72 is sized 
and configured to project outwardly from the nozzle wall and fit within the vane hole 66 to 
provide rotational movement therewith. However, as better described below, with other vane 
30 embodiments of this invention the post can be of a uniform diameter, i.e., be of a non-stepped 
design. 

The vane 50 is configured having a relatively slim airfoil thickness, as measured between 
the inner and outer radial surfaces 52 and 54. For example, in one embodiment where the vane 
length is approximately 52mm (as measured along a straight line between the vane leading edge 
35 and the vane trailing edge), the airfoil thickness was approximately 5mm, or less than 0. 1 times 



1 



48004/GTL/A5 1 0-HOOOl 505 



the length. In example embodiments, the airfoil thickness for such slim vane design is less than 
about 0.14 times the length of the vane, e.g., in the range of from about 0.05 to 0.14 the length 
5 of the vane. 

The relatively thin airfoil thickness for the vane 50 is a result of the relatively gradually 
curved airfoil outer and inner vane surfaces 54 and 52. The vane 50 is characterized as having 
a continuous convex-shaped outer surface defined by a relatively large radius of curvature, and 
a continuous concave-shaped inner surface defined by a similarly large radius of curvature. The 
1 0 vane outer surface 54 radius of curvature for such slim vane design can be greater than about 0.8 
times the length of the vane, e.g., can be in the range of from about 0.8 to 1 .5 the length of the 
vane. The vane inner surface 52 radius of curvature for such slim vane design can be greater than 
1 times the length of the vane, e.g., in the range of from about 1 to 1 .8 the length of the vane. For 
p example, in one embodiment where the vane length is approximately 52mm, the vane outer 

2; 15 surface 54 has a radius of curvature that is approximately 57mm, and the vane inner surface 52 
has a radius of curvature of 68mm. Additionally, the vane leading edge 60 of such vane 50 has 
an abruptly rounded shape that is defined by a relatively small radius. 

FIG. 4 illustrates a first embodiment improved vane 80 of this invention comprising, like 
vane 50 described above and illustrated in FIG. 3, an inner radial surface 82, an opposite outer 
% 20 radial surface 84, axial surfaces 86 and 88, leading edge or nose 90, trailing edge 92, actuating 
tab 94, and piost hole 96. Vane 80 is generally configured in the same manner as vane 50 to 
cooperate with the unison ring and turbine housing and be rotated within the turbine housing to 
control exhaust gas flow to the turbine wheel. 

Unhke the slim vane 50, the improved vane 80 is has an airfoil profile and an airfoil 
25 thickness that is different from that of the slim vane. The improved vane of this invention 
includes an outer surface 84 having an increased degree of radial curvature, i.e., a reduced radius 
of curvature, when compared to a conventional slim airfoil thickness vane. The reduced radius 
of curvature provides an outer airfoil profile having an exaggerated curve when compared to the 
relatively gradually curved outside surface of the conventional slim vane. This reduced radius 
30 of curvature also operates to increase the radial or airfoil thickness of the vane. 

In an example first embodiment, an improved vane of this invention can have an airfoil 
or radial thickness that can be greater than about 0. 16 the length of the vane, e.g., in the range of 
from about 0.16 to 0.50 the length of the vane (as measured by a straight line between the vane 
leading and trailing edges). In one example, where the vane length is approximately 47mm, the 
35 airfoil thickness is approximately 12 or 0.25 times the vane length. It is to be understood, that 
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the exact airfoil thickness of improved vanes of this invention can and will vary within this 
general range depending on the particular VGT and engine appUcation. 
5 As mentioned above, the first embodiment improved vane 80 of this invention comprises 

a an outer airfoil surface 84 having a relatively small radius of curvature. In an example fu-st 
embodiment, an improved vane of this invention can have an airfoil outer surface defined by a 
radius of curvature that is less than about 0.8 times the vane length, e.g., from about 0.1 to 0.8 
times the vane length. The first embodiment improved vane 80 has an inner airfoil surface 82 
10 that is almost linear in appearance, having a convex surface defined by a relatively large radius 
of curvature. In an example first embodiment, the improved vane can have an airfoil inner 
surface defined by a radius of curvature that is greater than about 2 times the vane length. For 

D example, in one embodiment where the vane length is approximately 47mm, the vane outer 
surface 84 has a radius of curvature that is approximately 28mm, and the vane inner surface 82 

IB 1 5 has a radius of curvature of approximately 207mm. 

% Additionally, the improved vane 80 of this invention has a leading edge 90 that is 

characterized by a relatively large radius of curvature when contrasted with the conventional slim 

H airfoil vane for purposes of minimizing the incidence effects through the flow range of the vane. 

ill 

FIGs. 5 A to 5C illustrate the first embodiment vane of this invention (as shown in FIG. 
4^ 20 4) as compared with two other improved vane embodiments of this invention. FIG. 5A shows 
In the first embodiment improved vane 1 00 of this invention as characterized by the relatively large 

airfoil thickness, between inner and outer surfaces 1 02 and 1 04, and by the generally continuous 
small radius curved outer surface 104 and generally continuous large radius curved inner surface 
102. 

25 FIG. 5B illustrates a second embodiment improved vane 106 of this invention, 

comprising an outer surface 108, an inner surface 1 10, a leading edge 1 12, a trailing edge 114, 
an actuation tab 116, and a post hole 118. The second embodiment vane comprises a leading 
edge and inner surface that are each shaped differently from that of the first embodiment. 
Specifically, the leading edge 1 12 is characterized by having a larger radius of curvature such that 

30 an adj acent portion of its outer surface 1 08 is located greater distance from the actuation tab 1 1 6, 
thereby increasing the airfoil thickness of the vane adj acent the leading edge. An example second 
vane embodiment has a leading edge 1 12 that can be defined by a radius of curvature that is at 
least about 1 . 1 times that of the leading edge for the first embodiment vane, e.g., in the range of 
from about 1.1 to 1.8 times that of the first embodiment improved vane. 

35 
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Additionally, rather than having a continuous convex shape (i.e., defined by a single 
radius of curvature), the inner surface 1 10 has a complex shape that is defined by at least two 

5 differently shaped sections. Moving from the leading edge 1 1 2, the inner surface has a convex- 
shaped portion 120 that is defined by a radius of curvature that is greater than that of the leading 
edge to contour or blend the leading edge into the inner surface. The convex-shaped portion 120 
extends firom the leading edge 1 16 to just past the tab 116. Moving from the convex-shaped 
portion 102, the inner surface has a concave-shaped portion 122 that extends to the vane trailing 

10 edge 122, 

|=& The enlarged and upwardly oriented leading edge and complex-shaped of the inner 

y surface of this second vane embodiment operate to provide additional aerodynamic effects when 
0 compared to the first embodiment improved vane. The vane creates a complex pressure field 
O entering the vanes system, passing through and exiting the vane system. The integration of the 

m 15 surface pressure times it's distance to the pivot point around the entire vane results in a net torque 
4S on the vane. This torque must be reacted by the vane tab and actuation system and is a key factor 
in actuation force sizing and also is a significant influence in the wear of the vane mechanism. 
|y The pressure field varies significantly throughout the vane operating range. Detailed 

y investigation of this phenomena shows that high vane closure forces can be generated when the 

p 20 vanes are in the more closed position, as there is a significant acceleration of the flow and 
resulting drop in pressure through the vane. By tailoring the convergence of the passage, the rate 
at which the flow accelerates through the passage can be controlled thus giving one the ability 
to control the pressure and thus the net torque on the vane. Controlling the net torque on the vane 
allows one to minimize the forces in the vanes system resulting in reduced wear, and a smaller 
25 actuation system. 

The complex and contoured shape of the inner surface 110 operates to increase the flow 
passage of exhaust gas along the vane prior to entering the throat area. Additionally, the specially 
contoured shape of the inner surface 110 affects the net torque on the vane in that it provides net 
torque in the opposite direction. 
30 Together, the second vane embodiment leading edge and inner surface operate to reduce 

the amount of pressure loss through the vanes during operation because the exhaust gas passing 
betw^een the vanes passes as converging passage instead of parallel passage, thereby significantly 
reducing exhaust gas velocities upstream of the throat, which result in lower gas friction losses 
through the vane passage. 

35 

-10- 



1 



48004/GTL/A5 1 0-HOOOl 505 



FIG. 5C illustrates a third embodiment improved vane 124 of this invention, comprising 
an outer surface 126, an inner surface 128, a leading edge 130, a trailing edge 132, an actuation 
5 tab 1 34, and a post hole 136. Like the second vane embodiment, the third embodiment vane also 
comprises a leading edge and inner surface that are shaped differently from that of the first 
embodiment. Specifically, the leading edge 130 is characterized by having a somewhat smaller 
radius of curvature, and the inner surface comprises a complex shaped that can be characterized 
by three differently shaped sections. 
1 0 Rather than being defined by a continuous convex arc (i.e., defined by a single radius of 

curvature), the inner surface 128 has a complex shape that is defined by at least three differently 
p shaped sections. Moving from the leading edge 1 30, the inner surface has a downwardly canted 
O generally planar section 138 that extends away from the vane leading edge adjacent the tab 134 
Q at an angle of approximately 45 degrees. The canted section 138 extends for less than about 1/4 
03 1 5 tiie total distance along the inner surface and is transitioned to a convex section 1 40. The convex 
% section is defined by a radius of curvature that is generally less than that used to define the arc 

§ of the outer surface 126. The convex section 140 extends along the inner surface to about the 

mid point of the vane and defines a point of maximum airfoil thickness for the vane. Thus, the 
p third embodiment vane has a airfoil thickness that is greater than both the first and second vane 

4^ 20 embodiments. 

fij Together, the canted section 138 and the convex section give an upstream portion of the 

vane a decidedly downward projection, when compared with either the first or second improved 
vane embodiments. This design provides aerodynamic improvements that are similar to that of 
the second vane embodiment, only sUghtly more pronounced, such as increased efficiency due 

25 to reduced pressure drop across the vane. Features of this particular design were to make the 
converging passage more pronounced, magnifying the previously noted effect, and shift the flow 
toward more radial entry, where the optimum flow angle occurred at a more closed vane position. 

FIG. 6 illustrates placement of an improved vane 150, constructed in accordance with 
principles of this invention, within a VGT turbine housing 152 by use of an appropriately sized 

30 and shaped post 1 54. Although a stepped post was described and illustrated above for use with 
the slim vane of FIG. 3, the first, second, and third improved vane embodiments disclosed above 
are constructed to be pivotably attached to the turbine housing by a single diameter post. The 
post 1 54 illustrated in FIG. 6 includes a barbed head 1 56 for purposes of providing a permanently 
pressed fit into a hole 158 formed in the turbine housing. So attached, the improved vanes of this 

35 invention are assembled, installed, and operate within the VGT in the manner described above. 
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FIG. 7 illustrates the movement pattem of first embodiment improved vanes 160 of this 
invention illustrated in FIGS. 4 and 5 A, when placed in the VGT and actuated by the unison ring 
described and illustrated above. For purposes of illustrating how the vanes relate to one another 
in the VGT, a pair of adjacent vanes are provided for each different operating position. In a 
closed position "A", the vanes are operated by the unison ring (by tab in slot cooperation) to 
position each vane leading edge radially inward toward the turbine wheel, thereby serving to 
close off and limit the flow of exhaust gas through the vanes and to the turbine. At an 
intermediate position "B" the unison is rotated a sufficient amount to move the vane leading edge 
radially outwardly, thereby enabling the vanes to increase the flow of exhaust gas to the turbine 
when compared to closed position "A". At position "C" the unison ring is rotated to a maximum 
position, causing the vanes 1 60 to be pivoted -radially outwardly to a maximum position, thereby 
providing a maximum flow of exhaust gas to the turbine when compared to the intermediate 
position "A". 

In the closed position "A" one can see that the exhaust flow passageway 161 between the 
adjacent vanes is defined by opposed substantially parallel surfaces consisting of the vane outer 
and inner airfoil surfaces 162 and 164. As noted above, this parallel gas passage leads to a large 
pressure loss within the turbine housing. A pressure loss through the vanes reduces the pressure 
differential potential of the turbine, thus lowering the efficiency. 

FIG. 8 illustrates the movement pattem of second embodiment improved vanes 166 of 
this invention illustrated in FIG. 5B, when placed in the VGT and actuated by the unison ring 
described and illustrated above. The second embodiment improved vane is operated in the same 
manner described above for the first improved vane embodiment. A key feature of the second 
improved vane embodiment is that (unlike the first vane embodiment), when placed in a closed 
position "A", one can see that the exhaust flow passageway 168 between adjacent vanes is 
defined by opposed converging surfaces formed by the vane outer and inner airfoil surfaces 170 
and 172. 

Specifically, when placed into closed position "A", the trailing edge 171 of one vane is 
positioned next to the inner surface convex portion 173 of an adjacent vanes to close off exhaust 
gas flow. As noted above, this converging gas passage leads to a reduced pressure loss within 
the turbine housing when compared to the first embodiment improved vane. 

FIG. 9 illustrates the movement pattem of third embodiment improved vanes 1 74 of this 
invention illustrated in FIG. 5C, when placed in the VGT and actuated by the unison ring 
described and illustrated above. The third embodiment improved vane is operated in the same 
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maimer described above for the first and second improved vane embodiments. Like the second 
vane embodiment, the third improved vane embodiment (when placed in a closed position "A") 
provides an . exhaust flow passageway 176 between adjacent vanes defined by opposed 
converging surfaces formed by the vane outer and inner airfoil surfaces 178 and 180. 

Specifically, when placed into closed position "A", the trailing edge 182 of one vane is 
positioned next to the inner surface convex portion 1 84 of an adjacent vanes to close off exhaust 
gas flow. As noted above, this converging gas passage leads to a reduced pressure loss within 
the turbine housing when compared to the first embodiment improved vane. 

Generally the improved vane design of this invention utihzes the blockage effect of an 
extremely thick airfoil to create a higher area turndown for a fixed amount of vane rotation. The 
increased thickness of an airfoil in a cascade has a much higher impact on throat area in the 
"vanes closed" position than it does in the "vanes open" position. By significantly increasing the 
thickness of the vane, and sUghtly increasing the axial width of the v^e, the same maximum 
throat area is achieved. 

As the vanes rotate closed, the throat area reduces at a higher rate. The additional benefit 
of this is that for a fixed area tumdoAvn, less rotation of the vane is required. Reduced rotation 
of the vanes results in less deviation fi-om the optimum flow vector (around 70 degrees from 
radial), thus improving off-design efficiency. 

FIG. 10 graphically illustrates the change in throat area as a function of vane rotation for 
each of the slim vanes and the improved vanes of this invention. The graph shows that for a 
given vane rotation, of fi-om about 1.5 degrees to 20 degrees, the improved vane design of this 
invention provides a greater amount of throat area than that of the conventional slim vane design. 
The throat area turndown ratio (maximum area divided by the minimum area) is increased from 
4.3 for the slim vane to 8.7 for the improved vane design of this invention. This is shown for 20 
degrees of vane rotation. 

FIG. 1 1 graphically illustrates the difference in efficiency as a function of flow for each 
of the sUm vanes and the improved vanes of this invention. The graph shows that for a given 
flow the improved vanes of this invention provide a greater efficiency than the slim vanes. 
Although the maximum flow that can be achieved using the improved vanes of this invention is 
lower than that of the sUm vanes, the efficiency is higher and broader. Additionally, the flow 
curve for the improved vanes is shifted to lower flow values, indicating greater operating 
efficiency at lower engine operating conditions. 
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Improved vanes of this invention can be formed from the same types of materials, and in 
the same manner, as that used to form conventional prior art vanes. The vanes can have a 

5 substantially sold design or can be configured having a cored out design. In an example 
embodiment, the improved vanes of this invention are configured having cored out axial surfaces. 
The cored out design is preferred as it has been found to provide better formability, a higher level 
of stiffriess, be more cost effective to produce, and have a reduced mass when compared to 
conventional prior art vanes. 

10 Having now described the invention in detail as required by the patent statutes, those 

skilled in the art will recognize modifications and substitutions to the specific embodiments 
p disclosed herein. Such modifications are within the scope and intent of the present invention. 
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